Accurate, automated determination of vessel center lines is essential for two-and three-dimensional analysis of the coronary vascular tree. Therefore, we have been developing techniques for vessel tracking and for evaluating their accuracy and precision in clinical images. After points in vessels are manually indicated, the vessels are tracked automatically by means of a modified sector-search approach. The perimeters of sectors centered on previous tracking points are searched for the pixels with the maximum contrast. The sector size and radius are automatically adjusted based on local vessel tortuosity. The performance of the tracking technique in regions of high-intensity background is improved by application of a nonlinear adaptive filtering technique in which the vessel signal is effectively removed prior to background estimation. The tracking results were evaluated visually and by calculation of distances between the tracked and user-indicated centerlines, which were used as the ''truth.'' Two hundred and fifty-six coronary vessels were tracked in 32 angiograms. Vessels as small as 0.6 mm in diameter were tracked accurately. This technique correctly tracked 255/256 ͑Ͼ99%͒ vessels based on an average of 2-3 indicated points per vessel. The one incorrect tracking result was due to a low signal-to-noise ratio (SNRϽ2). The distance between the tracked and the ''true'' centerlines ranged from 0.4 to 1.8 pixels, with an average of 0.8 pixels. These results indicate that this technique can provide a reliable basis for 2D and 3D vascular analysis.
I. INTRODUCTION
In vascular diagnosis, 1,2 accurate determination of vessel centerlines is essential for vessel size measurements, 3, 4 blood flow measurements, 5 and three-dimensional ͑3D͒ vascular analysis. 6 Vessel size measurements must be performed along axes locally perpendicular to the vessel centerline. Generally, automated vessel size measurements are preferred 7, 8 over visual interpretation or caliper measurements because of well documented inaccuracies, 9, 10 as well as the inter-and intra-observer variabilities. [11] [12] [13] Blood flow rates are calculated from data obtained at points along the vessel centerline. [14] [15] [16] [17] [18] Centerlines are an integral part of 3D analysis of vascular trees; for example, the 3D centerline obtained from biplane or multiple-projection data sets [19] [20] [21] [22] [23] is used for determination of imaging geometry via the bifurcation points. 22 Previous vessel tracking techniques were commonly semi-automated, and included manual tracing of the centerline, 3 as well as indication of several points, 22, 23 or start and end points 4, [24] [25] [26] [27] along the vessel. In these techniques, vessel pixels were identified along the path between the indicated points. Accurate centerlines were usually obtained for short vessel regions with high signal-to-noise ratios ͑SNR͒, and sometimes for low-SNR regions. 25 However, these methods tend to give unreliable results in cases of nonuniform background, adjacent or branch vessels, or tortuous vessels ͑having twists and turns greater than 90°͒.
More recently, automated vessel tracking techniques have been introduced. In each of these techniques, initial starting points were identified or determined, then subsequent tracking points were determined by analysis of the local region near the most recent tracking point. Hoffmann et al. 28 determined vessel centerlines and sizes using a double-square-box technique and successfully tracked vascular trees in DSA images. Sun and colleagues 29, 30 identified subsequent tracking points using matched filtering in a region of search. Gerbrands et al. 31 combined a region-growing approach with an inspection of neighboring pixels starting from a userindicated point. Hart et al. 32 tracked 32 arteries in 32 clinical cardiac images using an incremental search method along the circumference of a circle in the region of interest ͑ROI͒, after background correction. Stansfield 33 proposed an automated rule-based expert system for segmentation of coronary vessels from DSA images, based on morphology, shape analysis, and prior anatomic knowledge. Although each technique yields accurate vessel tracking for simple vascular structures, vessels are often incorrectly tracked near overlaps, bifurcations, in regions of low SNR, and in tortuous vessel regions. Thus these automated techniques may not provide vessel centerlines sufficiently accurate for subsequent vascular analyses.
In this study, we present new semi-automated techniques for determination of the vessel centerlines in angiographic images ͓including backward tracking ͑tracking distal to proximal͒ as an alternative to forward tracking ͑proximal to distal͔͒, methods for evaluation of the accuracy and reliability of the results of each technique, and methods for choosing the most accurate tracking of the vessel centerline.
II. MATERIALS AND METHODS
Angiograms of the left and right coronary vascular trees were acquired using a digital biplane system and were digitized into a 512ϫ512ϫ1 byte matrix. The pixel size was approximately 0.3 mm at the input image plane of the image intensifier ͑II͒. The experimental database consisted of 32 unsubtracted angiographic images, from which almost all visible vessels ͑256͒ were selected for use. For each selected vessel, two or more points were indicated manually along the centerline, yielding 762 segments, where a segment was defined as the region between consecutive indicated points. Each image contained 3-4 regions of overlapping vessels.
For all of the tracking techniques discussed below, the proximal and distal ends of a vessel are manually indicated. The basic tracking technique is illustrated in Fig. 1 . Starting with an indicated point ͑A or B, white squares͒, subsequent tracking points are identified by searching the perimeters of sectors for the pixel with the maximum pixel value. Each sector is centered on the most recently identified tracking point, and its arc is centered about a direction vector extending from the center of the sector to the end point ͑B͒. This sector-search process is repeated until the end point is reached. Tracking proceeds from the more proximal to the more distal indicated points ͑called here forward tracking͒. To improve the tracking in various vascular situations, such as tortuosity, nonuniformity of contrast, and low SNR, the radius of the sector as well as its opening angle is varied ͑described below͒. For these techniques, an initial radius of 10 pixels ͑approximately the size of the larger vessels in the images͒ and an initial opening angle of 90°are used.
In the first variation of this basic tracking technique, the vector from the current to the identified next tracking point is monitored 24, 34 ͑Fig. 2͒. If the direction of this vector ͑called here the tracking direction͒ changes by more than a threshold ͑30°͒ from one tracking point to the next, the identified point is rejected, and a new sector is established having a radius of 5 pixels and an opening angle of 170°. The threshold is based on the observation that vessel direction generally changes gradually instead of abruptly. This approach allows quicker tracking of straight regions and more frequent samplings of the curved regions of vessels. In method 1, forward tracking is used. In method 2, as illustrated in Fig. 2 , vessels are tracked in the same manner but from the distal to proximal end ͑called here backward tracking͒. Backward tracking takes advantage of vessel morphology. When forward tracking is employed to track branches, e.g., from A to B ͓Fig. 3͑a͔͒, tracking may incorrectly proceed down the parent vessel if the pixel values in the parent vessel are higher. In backward tracking, however, the large separation between a branch and its parent vessel at the distal end is exploited even as tracking approaches the proximal end point.
In method 3, the pixel value of the next potential tracking point is compared with that of the most recent tracking point in conjunction with forward tracking. If the difference between this pixel value and that of the previous tracking point is greater than a preset threshold ͑a value of 3 has been used͒, a new sector ͑white in Fig. 4͒ is defined at the previous tracking point. This new sector has a radius of 5 pixels, and the opening angle is increased by 20°over the initial 90°. The sector search is then repeated. The above adjustment of the opening angle is iterated until the threshold criterion is satisfied or the opening angle reaches an allowed maximum of 170°, at which time the pixel on the sector with the maximum pixel value is taken as the next tracking point. Method 4 is the same as method 3, except that backward tracking is employed. In methods 3 and 4, tracking proceeds more cautiously than in methods 1 and 2, preferentially choosing continuity of pixel values in the vessel over changing direction rapidly as is done in methods 1 and 2.
In method 5, the approach of method 4 is employed, except that the average of pixel values along the line from the center to the arc is used as the pixel value along the arc. Averaging increases the SNR of low contrast vessels. In addition, tracking across background regions between vessels is inhibited since the average pixel value will decrease due to the contribution of the background region.
In method 6, forward tracking is used; the search-sector radius and opening angle are fixed at 10 pixels and 60°, respectively. With this last technique, relatively straight vessel regions can be tracked accurately, while for tortuous regions accurate tracking is only obtained by increasing the number of indicated points. This is based on observation that arteries generally do not change direction abruptly. This approach should provide accurate tracking for relatively straight vessels and may be more accurate for straight vessels than other techniques in the presence of high contrast background. The parameters for each method is given in Table I .
A. Image filtering
In unsubtracted angiographic images, differentiation between vessel and background can be difficult in regions with high-contrast background or poor SNR, especially for small vessels. Conventional edge-enhancement techniques can lead to artifacts, such as edge overshoot and noise amplification. To improve the performance of the tracking methods for unsubtracted images, we employed a nonlinear adaptive filtering technique with which background structures are effectively removed, essentially without generating artifacts.
The size of the filter mask is 21ϫ21 pixels, approximately twice the largest vessel size. Let f (x,y) represent the pixel value at location ͑x,y͒ of the original unfiltered image. The local average of the pixel values within the mask region centered on the pixel location ͑x,y͒ is calculated as
where
when 0ϽxϩkϽimage widthϭ512 pixels and 0ϽyϩlϽimage heightϭ512 pixels ͑1͒
G͑xϩk,yϩl ͒ϭ0 otherwise, where the width of the mask is (2wϩ1) pixels. The pixels with values below the local mask average value M 1 (x,y) are used for calculation of a second average, M 2 (x,y), as defined by If the pixel value of the potential next tracking point, determined using the black sector ͑with radius 10 pixels͒, differs by more than a preset threshold from the pixel value of the most recent tracking point C, then a new sector ͑white, radius 5 pixels͒ is defined at C, and the sector search is resumed.
Therefore, in this second average, the vessel signal is minimally included. This second average, M 2 (x,y), is then subtracted from f (x,y) to yield f(x,y), i.e., the pixel value at location ͑x,y͒ in the filtered image, as
f͑x,y ͒ϭ0 otherwise.
The filtering is further augmented by use of pixel connectivity and thresholding to eliminate loosely connected pixels resulting from noise. A pixel is considered to be background and its pixel value set to 0 if 5 or more of its neighbors have pixel values less than a specified threshold. A threshold of 2 was used because the pixel-to-pixel variations were approximately 2 pixel values and was found to work well for all of the images in the database. This process is repeated until there are no further eliminations. Figure 5 shows an image without and with filtering. Vessel tracking was performed using the various methods ͑methods 1-6͒ on the original and the filtered images.
B. Tracking with multiple methods
Each of the above methods provides reliable tracking for most vessel configurations ͑see Sec. III͒. Moreover, all vessels were tracked correctly by at least one of the above methods. We observed that incorrect tracking usually involved relatively large changes in the tracking direction, especially as the end point was approached ͑Fig. 4, vessel AB͒. Therefore, to improve the overall tracking accuracy, each vessel segment was tracked using multiple methods, and then the results were combined. The tracking result, which had the smallest average angular change of the tracking direction, was taken as the tracked vessel centerline, where is defined as
and where X ជ i is the ith position among the N tracking points of the segment. The angle between the direction vector is always positive within the considered search sector range ͑170°͒. In this study, only two pairs of tracking results were compared to keep computation time to a minimum while achieving accurate tracking.
C. Performance evaluation
In this study, we define two forms of tracking accuracy, the percentage of vessel segments and vessels correctly tracked and the accuracy of the tracked centerline relative to the ''true'' centerline. To calculate the percentage of vessel segments correctly tracked, each image was inspected visually after tracking. Vessel segments were considered to be correctly tracked if all tracking points lay within the vessel of interest, i.e., no tracking points lay in adjacent vessels, branches, or background region next to the vessel. Note that 
the points need only lay within the vessel, not necessarily on the centerline. A vessel was considered to be correctly tracked if all segments of that vessel were correctly tracked. The accuracy of the tracked centerline was determined using the distance of the tracked centerline from the ''true'' centerline. Because the methods were evaluated on clinical images, for which ''truth'' was not known, ''truth'' was defined in this study as the centerlines indicated manually by an experienced user who indicated closely spaced points. Centerlines indicated in this manner by two observers differed by approximately 1 pixel, as determined by the technique described below. For each tracking point X in a segment, the distance from the true centerline was determined as follows. The three ''true'' points closest to X ͑e.g., points A, B, and C in Fig. 6͒ were identified first. The perpendicular distances from X to each of the three segments AB, AC, and BC were calculated. The minimum, maximum, and median of these distances were determined, and then averaged over all tracking points. For completeness, this analysis was reapplied to calculate the distance of each truth point from the tracked centerline. These results were similarly averaged.
To evaluate the reliability of the tracking techniques, centerlines were generated by repeated indications of the same vessels by two observers and compared as described above. To evaluate the robustness of the tracking method, random shifts ranging from ϩ2 to Ϫ2 pixels in both the x and y directions were added to the indicated points. Tracking was performed based on these shifted points, and the accuracy results were tabulated. In addition, the effect of the number of indicated points per vessel on the tracking accuracy was investigated by reducing the number of indicated points.
To evaluate the sensitivity of the tracking accuracy to the selected parameters, specifically the sector radii used in the technique were varied from 5 pixels to 30 pixels. The angular parameters are varied already as part of the different techniques. This evaluation was performed on a subset of the images used in the comprehensive evaluation using method 2 because it had the highest accuracy of all the methods, and thus is expected to exhibit the highest sensitivity to changes in the parameters.
III. RESULTS
The same set of indicated points was used for each tracking method and yielded 762 segments for the 256 vessels. The distribution of the number of points per vessel is shown in Fig. 7͑a͒ . The average number of indicated points per vessel is 3.7. The accuracy of tracking ranged from 72% to 98% ͑Fig. 8͒. Specifically, in the unfiltered images, the numbers of correctly tracked vessels ͑segments͒ using methods 1 to 6 were 183͑689͒, 222͑728͒, 209͑715͒, 250͑756͒, 245͑751͒, and 232͑738͒, respectively. In the filtered images, the numbers of correctly tracked vessels ͑segments͒ were 194͑700͒, 238͑744͒, 224͑730͒, 251͑757͒, 246͑752͒, and 232͑738͒. Within the images of the database, incorrect tracking was primarily due to ͑i͒ high-intensity background, ͑ii͒ metal objects positioned very close to the vessel, ͑iii͒ multiple vessels in close proximity, ͑iv͒ tortuosity, and ͑v͒ overlaps. Filtering improved the accuracy of methods 1 to 5 for both forward and backward tracking. Comparison of the results for methods 1 and 2, as well as 3 and 5, indicated that backward tracking performed better than forward tracking. The accuracy of methods 3 and 4 was higher than that achieved by methods 1 and 2, indicating that more careful data sampling and tracking based on pixel value continuity along the vessel may be better than methods based on change of the tracking direction. The slight decrease in accuracy when averaging is employed ͑method 5͒ relative to that of method 4 was due tracking into high contrast background regions near five segments. Method 6 worked comparably well with multiple vessels in close proximity or with straight vessels running through regions of a low SNR. With methods 4 and 5, over 99% and 98%, respectively, of vessel segments were tracked correctly.
Tracking accuracy was improved by combining the results of different methods. The results of method 4 were combined with those of other methods because method 4 provided the most accurate results. The incorrectly tracked vessels for methods 4 and 5 were almost mutually exclusive as were those for 4 and 2. When adjacent vessels are separated by a narrow strip of background, method 5 will not track across the background region if it has a relatively low intensity, whereas method 4 might do so. Although tracking with method 2 is less accurate than that with method 4, tracking with method 2 is more accurate for isolated tortuous vessels and needs fewer indicated points. Thus vessels were tracked using both methods 4 and 5, and the average change of tracking direction, , was calculated for each method. The final tracked centerline was chosen based on the lower ͑Sec. II B͒. In addition, vessels were tracked with methods 4 and 2, and the final tracking was chosen in the same manner. Tracking accuracies on unfiltered images improved to 761 of 762 segments for combined methods 4 and 5, and to 756 of 762 segments for combined methods 4 and 2, i.e., over 99% accuracy. When using both methods 4 and 5, the single case of incorrect tracking occurred due to the low SNR ͑Ͻ2͒ of the vessel. The results from using both methods 4 and 2 are comparable to that of method 4 alone, with incorrect tracking occurring for high-intensity adjacent vessels and/or background. However, these results are substantially better than method 2 alone. We found that tracking accuracy for the entire data base was higher when using both methods 4 and 5, whereas tracking accuracy for tortuous vessels was higher when using both methods 4 and 2. The tracking results obtained using both methods 4 and 5 are shown for two images in Figs. 9͑a͒ and 9͑b͒ .
The evaluations ͑Sec. II C͒ were performed using results obtained using both methods 4 and 5 on unfiltered images. The distance between the tracked and the ''true'' centerlines ranged from 0.4 to 1.8 pixels, with an average of 0.8 pixels (1 pixelϭ0.3 mm) . The differences in vessel centerlines due to intra-and inter-user variations in the indicated points were 0.7 pixels and 1.3 pixels, respectively. When random shifts ranging from ϩ2 to Ϫ2 pixels were introduced on the indicated points, 757 of 762 segments were tracked correctly, i.e., the tracking accuracy remained high in spite of the shifts. The incorrectly tracked vessels resulted from cases in which the indicated points moved outside the vessels or were translated close to an adjacent vessel or high-intensity object. A new set of indicated points ͓distribution shown in Fig.  7͑b͔͒ was derived from the original set in which the average number of indicated points was reduced from 3.7 to 2.5, thereby decreasing the number of segments from 762 to 407. The tracking accuracy when using both methods 4 and 5, for this set remained the same as that for the original set ͑Ͼ99%͒. More than 63% of the vessels could be now tracked with only 2 points indicated, and 86% with 3 points indicated. With this new set of indicated points, only 90% of the vessels were now tracked correctly with method 4, compared to more than 99% when using both methods 4 and 5. Thus the tracking accuracy when using both methods 4 and 5 is higher than that with method 4 alone even though fewer indicated points were used.
When the sector radii were varied from 5 to 30 pixels, the percentage of correctly tracked vessels for the different radii showed a dependence on the sector radius. The results are presented for 39 tracked vessels in Table II . The percentage correctly tracked vessels is highest for the radius of 10 pixels, the parameter used in the comprehensive study, and falls off for the other radii. This result is in good agreement with that observed by Hoffmann et al., 28 in that radii approximately equal to the vessel size yield optimal tracking. The accuracy of the tracked centerline in the correctly tracked vessels obtained for each of the parameters used was comparable to that obtained using a radius of 10. However, the overall accuracy, including correctly tracked and incorrectly tracked vessels, decreased as the percentage correctly tracked vessels decreased.
IV. DISCUSSION AND CONCLUSIONS
We have presented semi-automated tracking methods and their quantitative evaluations on a database of clinical coronary angiographic images. Tracking accuracies of greater than 99% were obtained using an average of 2.5 indicated points per vessel. The variation of the tracked centerlines was less than 1 pixel. using continuity of pixel value along the vessel or integration was found to improve tracking accuracy. The concept of backward tracking ͑distal to proximal͒ was introduced and was found to improve tracking accuracy substantially. The observation that vessels and their background vary indicates that one tracking technique will not track all varieties of vessels. Therefore, we have introduced the methodology of tracking each vessel with more than one method and choosing the tracking result based on the average angular change. Using the tracking result with the lower average angular change improved tracking accuracy still further. Because simple tracking methods are employed, which take advantage of the local connectivity of vessels, tracking time is approximately 0.1 s per vessel ͑on a 150-MHz computer͒, allowing the use of multiple methods. These techniques were evaluated in terms of accuracy and reliability on a large clinical database of vessels and segments.
When the same tracking technique was used, vessel centerlines obtained by tracking from distal to proximal ͑back-ward͒ were more accurate than those obtained by tracking from proximal to distal ͑forward͒. We believe that this oc- curs for the following reasons. When forward tracking is employed, tracking can proceed incorrectly into highercontrast branches initially because search sectors overlap with both the indicated vessel and the branch, and subsequently because the branch vessel axis and direction vectors lie within 90°-180°of each other ͓as seen for vessel AB in Fig. 3͑a͔͒ , even as tracking proceeds, incorrectly, along the branch. However, in backward tracking, the search sector overlaps with both branch and indicated vessel only in the bifurcation region, and in addition the angle between branch vessel axis and the direction vector is usually greater than 180°͓as seen for vessel AB in Fig. 3͑b͔͒ . Thus tracking cannot usually proceed incorrectly into a branch vessel when backward tracking is used.
In this study, we have employed an adaptive nonlinear filter, in which the vessel signal is substantially removed prior to estimation of the background. This approach was used because edge-enhancement methods, such as unsharp masking, can lead to artifacts, such as edge overshoot, which can cause clipping of secondary vascular structures near larger vessels. In the vicinity of high-intensity background, the accuracy and reliability of the vessel tracking technique was improved in the filtered image. In addition, tracking accuracy remained high in the filtered images even with fewer indicated points per vessel, in agreement with previous studies.
The quantitative techniques which we have employed for evaluation of our methods may be useful for the evaluation of other methods of centerline determination. The accuracy as well as the precision of these methods should be determined to allow comparison with similar methods. But perhaps, most importantly, knowledge of the accuracy and precision of the tracked vessel centerline is essential for estimation of errors and precision in quantities which are subsequently calculated using the tracked centerlines, specifically vessel sizes, bifurcation points, 3D geometries, and 3D centerlines. The accuracy of these quantities will be affected by the tracking accuracy, but, we believe, more importantly by the techniques used to fit the tracking data. For example, vessel sizes must be calculated using profiles extracted perpendicular to the estimated vessel centerline. The accuracy of the calculated vessel sizes would depend on the methods used to estimate the centerline from the tracking points, e.g., an error in the orientation of the vessel centerline by 20 degrees would result in an overestimation of the vessel size by approximately 6%. Fluctuations in the tracking direction due to variation in contrast distribution in the vessel could give rise to angles of this size. Thus fitting seems in order given the variation observed in vessel contrast. We found that tracking accuracy did depend on the radius of the sector used in tracking, similar to that observed by Hoffmann et al. 28 Tracking a vessel tree using several methods and comparing them as described in this study may provide a measure of the precision of the tracked centerlines. These data may be most valuable for clinical images in which accuracy is not available.
This study presents semi-automated techniques which require manual indication of points in the vessels. We have chosen semi-automated approaches because the identified vessel centerlines can be used as a basis for 3D vascular analyses. 22, 35 These analyses require accurate tracking in the presence of nonuniform background and/or overlapping vessels. These data also serve as a basis for the determination of vessel hierarchy 22 which is used for determination of vessel bifurcation correspondences in biplane images employed in the calculation of the biplane imaging geometry. 22, 35 To date, no automated techniques known to the authors can determine vessel centerlines and vessel hierarchy reliably without additional assistance from the user. The techniques presented provide these data reliably with minimal user intervention. However, the techniques presented here may also be useful for improving and evaluating fully-automated techniques. Automated techniques usually track proximal to distal. By secondarily tracking from distal end points ''up'' the vessels toward bifurcation points, automated tracking results could then be examined for consistency and accuracy by comparing distance between the two centerlines, and for correctness using the average tracking angle. Hence, we believe that the methodology presented in this study will provide an accurate, reliable, and robust vessel tracking.
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